We evaluated the heat shock system 70 (HSP70) in patients with chronic glomerulonephritis (CGN). Seventy-six patients with CGN patients were included in our study. Ten patients with mild proteinuria (median 0.48 [0.16-0.78] g/24 h) and ten healthy subjects served as positive and negative controls, respectively. Urinary levels of HSP70, interleukin-10, and serum levels of anti-HSP70 were measured by ELISA. The immunohistochemical peroxidase method was used to study the expression of HSP70 and Foxp3+ in kidney biopsies. Treg FoxP3+ cells in the interstitium were determined morphometrically. Median urinary HSP70 levels in patients with nephrotic syndrome (NS) [6.57 (4.49-8.33 [24.9 (18.86-30.92) pg/ml] were significantly higher than in positive [17.8 (12.95-23.03) pg/ml] and negative [18.9 (13.5-23.9) pg/ml] controls. In patients with CGN, increasing proteinuria was associated with higher HSP70 renal tissue and urinary levels. However, activation of HSP70 in patients with nephrotic syndrome did not lead to an increase in tissue levels of Treg Foxp3+ cells or to the release of IL-10.
Introduction
Inflammation and renal tissue damage in patients with chronic glomerulonephritis (CGN) activate the glomerular self-defense mechanisms that counter-balance offending factors and can be responsible for the attenuation and resolution of disease (Kitamura and Fine 1999) . Current therapy for CGN relies mainly on the pharmacological inhibition of immune cell-driven injury underlying the inflammatory response, while blockade of the renin angiotensin system remains the cornerstone of nephroprotective treatment. Alternatively, elucidation of the endogenous defense mechanisms can pave the way for new pharmacological interventions that may improve the efficacy of treatment for glomerular disease. However, there is a significant gap in our knowledge of kidney self-defense, particularly of the role of heat shock proteins (HSPs).
HSPs, or stress proteins, are a family of highly conserved molecules that constitute an important part of the architecture of the kidney self-defense system. HSPs have been classified into five groups according to their molecular weight, i.e., small HSP, HSP60, HSP70, HSP90, and HSP110 (Beck et al. 2000) . The constitutively expressed intracellular HSPs control maturation and turnover of intracellular proteins and contribute to the maintenance of cellular integrity, while the inducible HSPs act as intracellular chaperones, protecting protein structure and folding under stress condition, and also participate in the numerous reparative processes including the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12192-018-0928-8) contains supplementary material, which is available to authorized users. refolding or removal of denatured proteins (Kampinga and Craig 2010) .
Many HSPs are expressed in normal kidneys, i.e., HSP73, a constitutive 73 kDa protein belonging to the HSP70 family, was ubiquitously present in rats podocytes, Bowman's capsule, tubular epithelial cells papillary epithelium, and interstitium (Komatsuda et al. 1992) . The expression of the inducible HSP72 that belongs to the same HSP family was also detected both in normal kidney and after exposure to ischemia or toxic injury (Harrison et al. 2008; Guo et al. 2014; O'Neill et al. 2013) . The experiments in vivo suggested that the downregulation of HSP70 might contribute to the progression of chronic kidney disease, given the anti-inflammatory and immunoregulatory effects of these proteins in addition to their chaperone function (Pockley 2003; Wang et al. 2011) . The immunomodulatory activity of the extracellular HSPs is partly mediated by the induction of the regulatory T cells (Treg) that are characterized by the expression of the transcription factor Forkhead box P3 (Foxp3). Tregs produce different antiinflammatory cytokines, including interleukin (IL)-10, and are responsible for the maintenance of peripheral tolerance and suppression of exacerbated immune responses (Kim et al. 2014) .
In the present study, we studied the urinary levels of HSP70 and IL-10 and the expression of HSP70 and Treg Foxp3+ in renal tissue in patients with chronic glomerulonephritis. Moreover, we measured serum levels of anti-HSP70 antibodies that were implicated as biomarkers of activity or severity in patients with different autoimmune diseases (Dhillon et al. 1991; Georgopoulos and McFarland 1993; Birnbaum et al. 1998; Wu and Tanguay 2006) .
Materials and methods

Study subjects
Adult patients with CGN (n = 76) were recruited from the Clinic of Nephrology of the Sechenov University (Moscow). Exclusion criteria were age < 18 years, pregnancy, active urinary infection, heart failure, diabetes mellitus, diabetes insipidus, severe arterial hypertension, obesity, liver disease, diffuse connective tissue diseases, and chronic kidney disease stage 5. Venous blood samples were taken at the time of recruitment to assay serum creatinine, total protein, and albumin levels. Morning urine samples were assayed for protein and red blood cells. Daily urine was collected for daily proteinuria assessment. Estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI formula.
For positive and negative controls, we studied ten patients with mild proteinuria (median 0.48 [0.157-0.78 ] g/24 h) probably related to latent glomerulonephritis and ten healthy subjects, respectively.
The study was approved by the Ethics Committee of the Sechenov University. All subjects provided informed written consent before participation in the study that conformed with the Declaration of Helsinki.
Determination of HSP70 and IL-10 in urine and anti-HSP70 antibodies in serum
Ten-milliliter samples of morning urine were collected in dry plastic test tubes and centrifuged at room temperature for 15 min with rotational frequency of 3000 rpm. The urine supernatant was immediately frozen and stored in a refrigerator at the temperature of − 20°C. We used the commercial enzyme-linked immunosorbent assay (ELISA) kits to determine the levels of HSPs 70 (ADI-EKS-715, Enzo Life Science, USA) and IL-10 (BMS 21512/BMS215/2TEN, eBiosciеnce, Austria).
For detection of anti-HSP70 antibodies, serum was obtained by centrifugation of the whole blood at room temperature for 20 min at 3000 rpm. Antibody levels were measured using commercial ELISA kits (ADI-EKS-750, Enzo Life Science, USA).
Histological study
We used the immunohistochemical peroxidase method to study the expression of HSP70 and Treg Foxp3+ in kidney bioptates. Tissue sections were dewaxed with xylene and alcohols in different concentrations. In order to unmask antigens, the sections were boiled in citrate buffer. After deparaffinization and endogenous peroxidase inhibition, the sections were incubated with primary antibodies for 30 min at room temperature. We used rabbit polyclonal HSP70 antibody for HSP70 (1:800 dilution; E-12330, Spring Bioscience, USA) and rabbit polyclonal Foxp3 antibody for Treg Foxp3+ (1:200 dilution; E-18490, Spring Bioscience, USA). Staining was performed using EnVision visualization kit (Dako; Denmark): specimens were incubated for 30 min with a polymer conjugated to anti-mouse and anti-rabbit IgG secondary antibodies and peroxidase. For the detection of peroxidase activity, the DAB+ Substrate Chromogen System (Dako, Denmark) was used. After the system produced a brown stain, the specimens were washed and immersed in hematoxylin solution for staining nuclei (for 1 min).
HSP70 and FoxP3 expression in kidney tissue was evaluated using a semiquantitative score: (−) 0 for absence, + for mild, ++ for moderate, and +++ for strong expression. The number of Treg cells in the interstitium of the renal cortex (1.5 mm 2 ) was determined morphometrically by calculating of FoxP3+ nuclei.
Statistical analysis
The data were summarized with descriptive statistics. Normality tests were performed with the Shapiro-Wilk test. Results are presented as the number and percentage for categorical variables, as the mean ± SD for continuous variables with a normal distribution, and the median and interquartile range (IQR) for continuous variables with a non-normal distribution. Differences in proportions and continuous data were tested using the Pearson chi-square test and Mann-Whitney U test, respectively. Correlations between laboratory variables were evaluated by the Spearmen correlation coefficient. A two-sided p value < 0.05 was considered to indicate statistical significance. Statistical analysis was performed using StatSoft STATISTICA version 10.0 (StatSoft Inc., Tulsa, OK, USA).
Results
Subject characteristics
Characteristics of the study participants are shown in Table 1 . Patients with CGN were distributed into two groups depending on the presence of nephrotic syndrome. In all patients, diagnosis of CGN was confirmed histologically.
HSP70 in urine and HSP70 and Treg Foxp3+ cells kidney tissue
Median urinary HSP70 levels in patients with nephrotic syndrome [6.57 (4.49-8.33 ) pg/mg] and the non-nephrotic range proteinuria [5.7 (4.12-6.9 ) pg/mg) were higher (p < 0.05) than in positive [3.7 (2.5-4.82) pg/mg] and negative [3.78 (2.89-4.84) pg/mg] controls, while the difference between the first two groups did not reach statistical significance (Fig. 1) . Moreover, there was a direct correlation between urinary HSP70 levels and proteinuria (Rs = 0.59, p < 0.01, Fig. 2 ). Urinary HSP70 concentration did not depend on the histological type of glomerulonephritis and was similar in patients with minimal change disease [5.99 (4.16-7.83 HSP70 expression in renal tissue was found in 62 patients and was similarly distributed between different kidney structures in patients with nephrotic syndrome and non-nephrotic range proteinuria (Fig. 1 Suppl. ). In patients with nephrotic syndrome, tubular epithelial cells of convoluted tubules and Henle loop expressed HSP70 more intensely compared with patients with non-nephrotic proteinuria (Table 2 ). HSP70 expression score positively correlated with the urinary HSP70 (Rs = 0.948, р < 0.05) and proteinuria (Rs = 0.362, p < 0.05).
The number of Treg Foxp3+ cells in the kidney interstitium in patients with nephrotic syndrome was significantly lower than in patients with non-nephrotic range proteinuria (p = 0.004) and negatively correlated with proteinuria (Rs = − 0.407, р = 0.006) (Fig.2 Suppl.). difference between the first two groups did not reach statistical significance (p = 0.27) (Fig. 3) . In patients with nephrotic syndrome, eGFR < 60 ml/min/1.73 m 2 was associated with a lower anti-HSP70 antibody serum level [20.3 (15.3-24. 3) pg/ml] compared with that in patients with eGFR ≥ 60 ml/ min/1.73 m 2 [22.7 (17.6-31.36 ) pg/ml, p < 0.05], while in patients with subnephrotic range proteinuria anti-HSP70 antibody serum level did not depend on eGFR [27.34 (14.71-31.27 ) pg/ml vs. 28.1 (19.27-30.72) pg/ml].
Serum anti-Hsp70 antibodies and IL-10
Anti-HSP70 antibody titers did not correlate with proteinuria (Rs = 0.10, p = 0.39), blood pressure (Rs = − 0.11, p = 0.36), and duration of disease (Rs = − 0.13, p = 0.411). In treated patients, anti-HSP70 antibody levels were numerically lower than in untreated patients [20.1 (14.25-24.5 (17.24-29.87) pg/ml]. However, the difference was insignificant (p = 0.081). IL-10 was found in urine in 16/34 patients (47.1%) with non-nephrotic range proteinuria, 5/42 patients (11.9%) with nephrotic syndrome, 3/10 positive controls (30.0%), and 1/ 10 negative controls (10.0%). The difference between the first two groups and between the first group and negative controls was significant (p = 0.012 and p = 0.034, respectively). Median urinary IL-10 levels were similar in patients with non-nephrotic range proteinuria [22.9 (6.5-40.0) pg/ mg] and nephrotic syndrome [18.9 (8.05-28 .2) pg/ml]. IL-10 was not present in urine in patients with impaired kidney function.
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Discussion
The results of our study demonstrate the distinct changes of the HSP70 system in patients with chronic glomerulonephritis. Median urinary HSP70 levels were higher in patients with nephrotic syndrome and non-nephrotic range proteinuria compared with the control groups and directly correlated with proteinuria, while impairment of kidney function was not associated with a further increase in the urinary HSP70 levels. Notably, the levels of HSP70 in urine were similar in patients with the different histological types of nephropathy. As expected, the standard immunosuppressive treatment had no impact on the urinary HSP70 levels. Expression of HSP70 in renal tissue was found in all patients with active chronic glomerulonephritis, though we did not study it in the control groups for ethical reasons. A direct correlation between the urinary and tissue HSP70 levels may indicate the renal origin of HSP70 detected in urine.
In patients with glomerulonephritis, HSP70 was expressed in the various kidney structures, particularly in the tubular epithelial cells. HSP70 expression in the tubulointerstitium was more intense in patients with nephrotic syndrome compared with that in patients with a lower proteinuria. Furthermore, the HSP70 expression index directly correlated with proteinuria. Given the nephrotoxic effect of proteinuria, accumulation of HSP70 mainly in the tubulointerstitial tissue can be regarded as a response of tubular cells to damage and activation of remodeling processes. HSP 70 expression is induced (mainly in tubules) in patients with different renal diseases such as acute vascular rejection, acute tubular necrosis, CMV infection, and minimal change disease (Dodd et al. 1993) . In the study of Venkataseshan and Marque (1996) , normal renal tissue and tissues from patients with idiopathic nephrotic syndrome or noninflammatory diseases showed a uniform pattern of fine-granular HSP70 staining of low intensity in the glomerular epithelial cells, in the cells of the distal convoluted tubules and cortical and medullary collecting tubules. However, in all cases of active or acute interstitial inflammation, there was a significant but variable increase of stainable HSP70 in the tubular cells.
The immunoregulatory effect of HSPs in inflammatory diseases was first shown in experimental animals with autoimmune arthritis (van Eden et al. 1988) . Intracellular HSP70 can be expressed on the surface of inflammatory cells or released into extracellular space (Multhoff and Hightower 1996; Asadullah et al. 2010) . HSP70 epitopes are recognized by T lymphocytes which form a pool of Treg cells. These cells express Foxp3 (Fontenot et al. 2003; Hori et al. 2003 ) and produce IL-10 that provides a powerful anti-inflammatory effect, inhibiting the production of IL-1, IL-6, tumor necrosis factor-α (de Waal Malefyt et al. 1991) , oxygen reactive radicals, and prostaglandins (Dokka et al. 2001) , and reducing the inflow of leukocytes into the area of inflammation. In our study, Foxp3 expression and the number of Treg Foxp3+ cells in patients with nephrotic syndrome were significantly lower than in patients with non-nephrotic range proteinuria despite a direct correlation between the urinary HSP70 level and proteinuria. Moreover, IL-10 was not detected in urine in the majority of the former patients. These data may indicate an impaired anti-inflammatory function of HSP70 in patients with a more severe nephropathy.
HSPs can stimulate the immune system, leading to the production of autoantibodies. Antibodies against HSPs, are found under normal physiological conditions, after exposure to environmental stresses, and in many diseases. Increased anti-HSP70 levels were shown in patients with systemic lupus erythematosus, immune thrombocytopenic purpura, asthma, primary biliary cirrhosis, and Meiniere's disease (Wu and Tanguay 2006) . The clinical significance of the immune response to HSPs remains largely unknown. We have found no previous data on the autoantibodies against HSP in patients with kidney diseases. In our study, anti-HSP70 antibody serum levels in patients with nephrotic syndrome and the nonnephrotic range proteinuria were higher than in positive and negative controls, while the difference between the first two groups was not significant. These data suggest that anti-HSP70 antibodies may indicate activity of glomerulonephritis. However, this hypothesis should be confirmed by further studies.
Our study has limitations. The sample of patients was relatively small, and we did not study HSP70 expression in patients with normal histology of kidney tissue for ethical reasons. However, the urinary HSP70 probably reflects its expression in the kidney tissues given a strong correlation between HSP70 expression score and the urinary HSP70 level.
Conclusion
Increasing proteinuria in patients with CGN was associated with higher urinary HSP70 levels and its expression in kidney biopsies. However, activation of HSP70 in patients with nephrotic syndrome did not lead to an increase in tissue levels of Treg Foxp3+ cells or release of IL-10. These data may indicate a disorder of anti-inflammatory function of HSP70 or a switch of its anti-inflammatory effect to pro-inflammatory action in patients with a more severe nephropathy.
